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ABSTRACT
Duplicate genes tend to have a more variable
expression program than singleton genes, which
was thought to be an important way for the
organism to respond and adapt to fluctuating envir-
onment. However, the underlying molecular mech-
anisms driving such expression variation remain
largely unexplored. In this work, we first rigorously
confirmed that duplicate genes indeed have higher
gene expression variation than singleton genes in
several aspects, i.e. responses to environmental
perturbation, between-strain divergence, and
expression noise. To investigate the underlying
mechanism, we further analyzed a previously pub-
lished expression dataset of yeast segregants
produced from genetic crosses. We dissected the
observed expression divergence between
segregant strains into cis- and trans-variabilities,
and demonstrated that trans-regulation effect can
explain larger fraction of the expression variation
than cis-regulation effect. This is true for both
duplicate genes and singleton genes. In contrast,
we found, between a pair of sister paralogs, cis-vari-
ability explains more of the expression divergence
between the paralogs than trans-variability. We next
investigated the presence of cis- and trans-features
that are associated with elevated expression
variations. For cis-acting regulation, duplicate
genes have higher genetic diversity in their pro-
moters and coding regions than singleton genes.
For trans-acting regulation, duplicate and singleton
genes are differentially regulated by chromatin
regulators and transcription factors, and duplicate
genes are more severely affected by the deletion of
histone tails. These results showed that both cis-
and trans-factors have great effect in causing the
increased expression variation of duplicate genes,
and explained the previously observed differences
in transcription regulation between duplicate
genes and singleton genes.
INTRODUCTION
Gene duplication is widely regarded as a primary con-
tributor to the emergence of new genes, and an important
substrate for adaptation during evolution (1–3). It was
suggested that a majority of the genes are the result of
past gene duplication events (4). Following a duplication
event, the resultant gene pairs usually return to single copy
(singleton) within a short evolutionary period; however, a
small fraction of duplicates (paralogs) are ﬁxed in the
genome, usually as the result of dramatic functional diver-
gence (5). The functional innovations required for
post-duplication ﬁxation are generally explained by two
alternate scenarios: neo- and sub-functionalization.
Neo-functionalization refers to the acquisition of novel,
beneﬁcial functions; whereas sub-functionalization
describes partition of ancestral functions (1,6,7). In some
cases, additional models such as dosage maintenance and
protein stoichiometry are also in the play (8,9).
Appropriately regulated transcription processes are
vital to ensure proper function of cellular pathways and
the survival of an organism, which presumably have
minimum tolerance for errors and ﬂuctuations.
However, as was ﬁrst proposed over several decades ago
(2), alteration (or innovation) in gene expressions is an
essential way to generate biological novelty and diversity.
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other organisms has provided mounting evidence that
gene duplications have signiﬁcantly increased the expres-
sion divergence between sister genes (9–14). Moreover,
examinations of expression divergence with regard to the
age of the paralogs revealed that many pairs had
undergone dramatic expression divergence shortly after
their ‘birth’ (5). With regard to their ﬁtness effects, it
was suggested that an evolved and maintained variation
in expression proﬁles between extant duplicates can poten-
tially facilitate certain cellular processes such as metamor-
phosis in yeast and ﬂy (15,16), and stress response in
Arabidopsis (17,18). It was also proposed that difference
in expression levels can provide genetic robustness to the
organisms through genetic buffering (16,19,20).
Recent advances in experimental determination of
transcription factor (TF) binding sites (e.g. ChIP-chip
and ChIP-seq) have made it possible to compare the
promoter regions of duplicate genes, and identify
sequence features that have potentially driven the variabil-
ity of gene expression. Speciﬁcally, studies have attempted
to elucidate whether the variation or divergence in gene
expression is primarily the result of cis- (close to the gene
in question) or trans- (far from the gene) regulatory
elements (21–24). In favor of cis-regulation, accelerated
divergence in regulatory elements (21), and dramatic
turnover of translation start sites (23) associated with
duplicate genes have both been observed. However,
linkage analysis using strain of Saccharomyces cerevisiae
(10,25,26), allowing dissection of cis- and trans-mutational
effects contributing to gene expression divergence, found
trans-variation to have a more profound effect within
yeast species. A study by Leach et al. (22) compared the
genetic divergence of duplicate and singleton genes, and
found gene expression variation can be explained by both
cis-divergence and trans-divergence. Furthermore, it was
suggested that chromatin structure contributed signiﬁ-
cantly to the gene expression variation (11,27,28).
Consequently, the exact inﬂuences of cis- and trans-regu-
latory adaptations on altered expression of yeast genes,
regardless whether singletons or duplicates, remain
unsettled.
In this study, we comprehensively investigated the
genomic features that potentially inﬂuence gene expres-
sion variation in yeast, and compared the inﬂuence of
cis- and trans-acting variations on gene expression of
both duplicate and singleton genes. In addition, we also
evaluated the contribution of histone modiﬁcations on the
divergence of gene expression. The lessons learned here in
yeast will provide insight on the evolution of duplicate
genes in higher eukaryotes such as human.
MATERIALS AND METHODS
Identiﬁcation of duplicate and singleton genes
Protein sequences of S. cerevisiae were downloaded from
Saccharomyces Genome Database (SGD, http://www
.yeastgenome.org/) in February 2010. All-against-all
FASTA reciprocal searches were performed. Singleton
genes were deﬁned as proteins that did not have any hits
with other proteins using an E-value cutoff of 0.1;
a gene was designated as a duplicate gene if it met the
following criteria: (i) it had a FASTA hit with E<1E–
10; (ii) the aligned sequence between the two homo-
logs was longer than 50% for the longer protein;
(iii) the sequence similarity between the two proteins
was greater than I [I=30% if L>150a.a. and
I=0.01n+4.8L
 0.32[1+exp( L/1000)] if L<150a.a., where
n=6 and L was the length of alignments (29)] . In the
end, we identiﬁed a total of 1591 duplicate genes and 2081
singleton genes, respectively. Whole-genome duplication
(WGD) and small-scale duplication (SSD) gene pairs
were obtained from Guan et al. (30). The rates of
nonsynonymous substitutions (Ka) and synonymous
substitutions (Ks) between duplicate genes were estimated
using the YN00 model nested in PAML software (31).
The ages of each SSD gene pairs were estimated based
on Ks values, and the gene pairs were divided into
young (0<Ks<0.5) or old (0.5<Ks<1.5) pairs.
Calculation of gene expression variation
Expression differences between two yeast strains (BY4716
and RM11-1a) were obtained from Brem et al. (10).
The expression variation data measured under the per-
turbation and stress conditions was compiled from
Tirosh et al. (32); these conditions included heat shock,
oxidative stress, nitrogen starvation, DNA damage
and carbon source switch. Stochastic expression noise
data was from Newman et al. (33); distance to median
(DM) values were used in our analysis. Mutational
variance data from Landry et al. (14) was measured
from expression variations among mutation accumulation
lines. All expression variation data were normalized using
Z-scores.
Sequence polymorphism data in S. cerevisiae
The yeast sequence polymorphism data was downloaded
from Wellcome Trust Sanger Institute (ftp://ftp.sanger.ac
.uk/pub/dmc/yeast/). The 50 promoter sequence were
deﬁned as 500 base pairs regions upstream from the
start codon, and the 30 UTRs were deﬁned as 100 base
pairs region downstream from the stop codon. The core
promoter region was deﬁned as 200 base pairs upstream
from the start codon. The genetic diversity was calculated
in a moving window by counting the number of different
nucleotide at all positions between all possible pairs of
strains within a population of interest, and then dividing
by the window size.
Cis- and trans-variability
The genotypes and expression proﬁles were previously
determined for the S. cerevisiae laboratory strain
(BY4716) and wild strain (RM11-1a), and the 112
segregants that were generated by crossing these two
strains (10). We used the following procedures to dissect
the total expression variation into trans- and cis-variabil-
ity. For each yeast gene, we grouped the 112 segregants
into two groups based on the genotype of the genetic
markers located in the 10-kb cis-region upstream of the
translation start sites, i.e. we grouped the strains based on
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sequence was inherited. For each group, we next
calculated the standard deviation of the expression levels
among the segregants, and designated it as trans-variabil-
ity since the segregants in each group shared the same
genotype in the upstream cis-region. For most of the
genes, the trans-variability calculated from the two
groups were very similar, therefore we only used the
trans-variability calculated from those segregants
descended from the BY4716 strain. For each gene, we
also calculated the mean expression level in each of
the two groups, and designated the difference between
the two means as cis-variation. The percentages of
cis- and trans-variability in the total expression variation
were calculated by linear regression.
Chromatin and TF regulation effect
We used two previously published yeast expression com-
pendiums, which measured the changes in gene expression
after deleting or mutating chromatin regulators (CRs) (34)
or TFs (35), respectively. The expression compendium
of CR perturbations contains 188 expression proﬁles,
corresponding to 60 unique CRs. The expression compen-
dium of TF perturbations contains 269 proﬁles, each
corresponding to a unique TF. For each gene i, the sensi-
tivity score Sij represents the changes in gene expression
level when a trans-acting factor j, either a CR or TF, is
perturbed. For each gene i, its regulatory effect Si is
deﬁned as:
Si ¼
Pn
j¼1 Sij
n
,
where n is the number of trans-acting factors that were
perturbed. The regulatory effect Si is calculated separately
for CRs and TFs. To examine the effects of trans-acting
factor regulation between duplicate genes and singleton
genes, we calculated Kolmogorov–Smirnov (K–S) test
for each expression proﬁle, and K–S scores are deﬁned
as –log10 (P-value).
Histone modiﬁcation
Genome wide histone modiﬁcation data was obtained
from Pokholok et al. (36). They have measured histone
methylation and acetylation (H3K9ac, H3K14ac, H4ac,
H3K4me1, H3K4me2, H3K4me3, H3K36me3,
H3K79me3) in yeast promoters using the ChIP-chip
method. Among them, H3K4m3, H3K14ac and H4ac
can activate gene expression, and H3K9ac can repress
gene expression. In total the histone modiﬁcation data
were available for 5661 yeast genes.
RESULTS
Duplicate genes have higher expression variation than
singleton genes
Variation in gene expression has been recognized to be an
intrinsic property of simple or complex organisms (11); in
budding yeast S. cerevisiae a number of experimental
datasets are available to facilitate computational and
comparative analysis. In this work, we are interested in
comparing gene expression variation between duplicate
genes and singleton genes and we considered four different
types of expression variation: (i) divergence in expression
level between orthologous genes in related yeast strains
(10), (ii) variation of expression level under multiple
environmental conditions (32), (iii) variation of gene
expression following mutational accumulation (14), and
(iv) stochastic noise in expression level among isogenic
cells under the same condition (33). In the following,
we discuss these four data types in more detail. (i) In
Figure 1, we compared the expression divergence of
orthologous genes from two S. cerevisiae isolates, the la-
boratory strain BY4716 and the wine strain RM11-1a
(25). Clearly, the expression divergences between
orthologs of duplicate genes are signiﬁcantly higher than
the divergences between orthologs of singleton genes
(Wilcoxon rank sum test P-value <1e–10), which is
consistent with what was observed previously (29).
To examine potential enriched biological functions
associated with duplicate genes that have higher expres-
sion variation, we next clustered yeast genes into function-
al groups based on the Gene Ontology (GO) annotations.
We found genes that are involved in amino acid metabol-
ism tend to have high expression variation. Given the
previously proposed theory of backup compensation
between duplicate genes, it is possible that duplicate
genes are more likely to undergo regulatory changes,
which would have made these genes more adaptable and
variable in different strains or species. (ii) We next
compared how the duplicate genes and singleton genes
responded differently under environmental perturbations,
using a previously generated data set (32). As shown in
Figure 1, the duplicate genes show elevated changes in
expression level in response to environmental stimuli,
Figure 1. Comparison of four types of expression variation between
duplicate genes (dark grey bars) and singleton genes (light grey bars)
in yeast. ‘Interstrain’ represents the expression divergence of
orthologous genes between two S. cerevisiae isolates, the laboratory
strain BM4716 and the wine isolate RM11-1a; ‘response’ represents
changes in expression level in response to environmental stimuli;
‘noise’ represents ﬂuctuation in expression level among isogenic cells;
‘mutation variance’ represents changes in expression level in mutation
accumulation (MA) yeast lines.
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stress response (Wilcoxon rank sum test P-value <1e–10).
Moreover, functional groups involved in oxidoreductase
activity tended to have high expression variation.
(iii) Gene expression is subjected to stochastic noise,
which inﬂuences most aspects of biological processes.
In this study, we found that duplicate genes have higher
noise than singleton genes (Wilcoxon rank sum test
P-value=4e 8) (Figure 1), and stress-related duplicate
genes were found to be noisy too. (iv) Next, we analyzed
a dataset which measured the response of gene expression
to random mutations in mutation accumulation experi-
ments (mutational variation) (14), and found that
duplicate genes have higher gene expression variation
among mutation lines (Wilcoxon rank sum test P-value
<1e 10) (Figure 1), and genes encoding proteins localized
in the plasma membrane have high expression variation.
We next investigated whether the genes that were the most
variable for each of these four types of expression
variation were the same group of genes (11). For each
type of variation, we selected the top 20% most variable
genes and found that only environmental responsiveness
and expression noise are highly correlated with each other
(Fisher’s exact test, P-value <0.01), which agrees with
previous ﬁndings that stress-related genes tend to have
more noisy expression characteristics (33).
However, it is possible that these observed trends were
dominated by genes from a few selected functional
categories. We next performed a series of control experi-
ments to ensure that the higher expression variation of
duplicate genes is a general trend across a wide range of
genes. (i) Effect of TATA-box. We ﬁrst removed those
duplicate and singleton genes that contain a TATA-box
in their promoter region since it is known that TATA-box
containing genes tend to have higher expression variation
and duplicate genes are enriched in TATA-boxes (32,37).
The results persisted after removing TATA-box contain-
ing genes (Supplementary Table S1). (ii) Effect of tandem
repeats. The presence of tandem repeats in the promoter
regions has also been linked to higher gene expression
variation (38). Indeed, we found the duplicate genes are
more likely to have tandem repeats in their promoters
than singletons, which partially explained their elevated
expression variation (Chi-square test, P-value=6e 7).
After removing those tandem repeat containing genes
from the duplicate and singleton genes, we observed that
duplicate genes still had signiﬁcantly higher expression
variation than singleton genes (Supplementary
Table S1). (iii) Effect of gene functions. It has been noted
that biological function of genes can inﬂuence expression
variation, for example, genes involved in stress response
are known to have higher level of gene expression diver-
gence and stochastic noise (32,39). To control for func-
tional bias, we removed all the genes that contained the
words ‘stress-related’ in their functional annotation (GO)
and repeated our analysis. The results remained the same
(Supplementary Table S1). (iv) Effect of expression level.
We divided the yeast genes into highly expressed and lowly
expressed groups by ranking their mRNA abundances
(40) (Supplementary Table S1). Within each group, the
duplicate genes still had higher expression variation than
singleton genes.
To extend the analysis further, we next asked whether,
in terms of expression variation, the sister paralogs in
WGD resultant gene pairs were more divergent than
SSD resultant gene pairs. We calculated expression vari-
ation similarity (Pearson correlation coefﬁcient, PCC)
between sister paralogs in each duplicate gene
pair. Table 1 shows that, for inter-strain divergence, sto-
chastic noise, and mutation variance, WGD resultant
paralogs had lower noise similarity between themselves
than SSD resultant paralogs (1000 permutation test,
P-value<1e 10). However, for expression responsiveness
(under environmental perturbations), WGD resultant
paralogs had higher noise similarity than SSD resultant
paralogs (1000 permutation test, P-value<1e 10). This is
in accordance with the previously reported asymmetric
partitioning of stress responses for WGD resultant
paralogs in plants (41). To further validate whether the
expression divergences between duplicate genes were
coupled with evolutionary time, we used the rate of
synonymous substitution, Ks, as a proxy for divergence
time for duplicate gene pairs. We classiﬁed SSD resultant
gene pairs into two different age groups (young and
Table 1. Similarities in expression variation and genetic diversity between duplicated paralogs
All duplicate pairs SSD pairs WGD pairs Young SSD pairs Old SSD pairs Random pairs
Inter strain 0.47 0.49 0.43 0.51 0.44  0.03
Responsiveness 0.33 0.29 0.35 0.28 0.32 0.06
Stochastic noise 0.19 0.32 0.05 0.34 0.11 0.05
Mutation variance 0.24 0.31 0.17 0.36 0.21 0.02
Trans-variability 0.3 0.31 0.21 0.37 0.25  0.04
Cis-variability 0.15 0.17 0.13 0.19 0.14 0.02
Total variability 0.43 0.48 0.29 0.53 0.37  0.07
Genetic diversity (codon) 0.35 0.42 0.09 0.44 0.41 0.04
Genetic diversity (promoter) 0.15 0.21  0.02 0.26 0.16 0.01
Genetic diversity (30UTR) 0.03 0.06  0.03 0.11 0.02 0.02
Chromatin regulation effects 0.42 0.49 0.28 0.54 0.33 0.01
Transcription factor regulation effects 0.18 0.17 0.18 0.19 0.14 0.03
H3 perturbation 0.21 0.25 0.13 0.29 0.16  0.01
H4 perturbation 0.28 0.31 0.25 0.26 0.21  0.01
PCCs were calculated between paralogs. All signiﬁcant PCCs are highlighted with bold fonts.
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that divergence in expression noise (after normalization
for expression level) between duplicate paralogs increases
over time, except for environmental responsiveness
(Table 1).
In summary, these results demonstrated that duplicate
genes indeed have a more variable and responsive expres-
sion program than the comparable singleton genes, and
divergence in expression variation between sister paralogs
may be coupled with evolutionary time. Next, we sought
to determine how much of these differences between
duplicates and singletons were caused by cis- or trans-
regulatory effects, respectively.
The contribution of cis- and trans-variability
Having established that duplicate genes have higher
expression variation than singleton genes, we next
sought to determine how much of this was contributed
by cis- or trans-acting factors (42). For this purpose, we
used a dataset previously published by Brem and
colleagues, who genetically crossed two yeast strains
(BY4716 and RM11-1a) and measured the genotypes
and expression proﬁles of 112 segregants (10). This
dataset is ideal for our purpose since cis- and trans-vari-
ability can be ascertained by deﬁning them as transcrip-
tional variance between and within groups of segregants
that share the same cis-genetic markers (see ‘Materials and
methods’ section). We found that duplicate genes had
both higher cis- and trans-variabilities than singleton
genes (Wilcoxon rank sum test P-value=1.4e 8 for cis-
variability; P-value=6.1e 21 for trans-variability,
respectively). For duplicate genes, the trans- and cis-vari-
ability could explain 67 and 30% of the total expression
variability (measured from all 112 segregants), whereas it
was 78 and 19% for singleton genes, respectively.
Collectively these results indicated that trans-acting
factors play a bigger role than cis- factors in causing
gene expression variation for both duplicate genes and
singleton genes. Trans-acting factors also had a slightly
lower effect for duplicate genes than for singleton genes
(67 versus 78%, Wilcoxon rank sum test P-value <1e 6
with 1000 bootstraps).
We next compared the cis- and trans-variabilities
between sister paralogs of duplicate gene pairs, aiming
to explain how the divergence in expression variation
between the paralogs can be explained by cis- and trans-
factors. We calculated the expression variation similarity
(Pearson correlation) between duplicate copies. Table 1
shows that trans-variabilities are more highly correlated
between paralogs than cis-variabilities (R=0.31 for
trans-variability, and R=0.15 for cis-variability,
Wilcoxon rank sum test P-value=0 with 1000 boot-
straps), which suggested that cis-regulation underwent a
more rapid divergence than trans-regulation for duplicate
genes in the course of evolution. We next distinguished
between paralogs created by different mechanisms,
i.e. WGD versus SSD. Table 1 shows that the both cis-
and trans-variability are slightly more conserved between
SSD paralogs (R=0.17 for cis-variability and R=0.31
for trans-variability) than for WGD paralogs (R=0.13
for cis-variability and R=0.21 for trans-variability).
Furthermore, the trans- and cis-variations are more
conserved between young duplicates than older duplicates
(Table 1).
Duplicate genes have higher level of cis-acting variation
than singleton genes
In the above section we observed that cis-acting variations
have a higher effect on duplicate genes than on singleton
genes, we next attempted to ﬁnd genomic features that
could explain such discrepancy. Generally, cis-acting
variation can be measured by allele-speciﬁc differential
expression (ADE) by comparing the contribution of two
alleles (43,44). In a recent study, genome-wide allele
speciﬁc expression proﬁling was conducted in yeast and
a number of genes were found to have signiﬁcant allele
imbalance (45). We found that these ADE genes are highly
enriched in duplicate genes as 123 genes are duplicate
genes and 114 are singleton genes (Fisher’s exact test
P-value=2.2e 6), respectively. These results suggested
that duplicate genes indeed are more prone than singleton
genes to be affected by cis-acting elements.
Having established the notion that duplicate genes have
higher expression variation than singleton genes, we next
asked whether this is because they have higher sequence
divergence or heterogeneity in their regulatory regions.
Our rationale is that the greater expression divergence
and variation may be correlated or caused by accelerated
evolution in the promoter and coding regions of the
duplicate genes (10,25,42,46–48). We analyzed the
previously published yeast population genomics data,
which were measured from various ecologically and
geographically diverse stains (49). It is generally assumed
in practice that the density of polymorphisms in the
promoter regions can be taken as an indicator for selective
regulatory constraints (26). We calculated such genetic
diversity in the coding and cis- regulatory regions (pro-
moters and 30UTR), and compared between duplicate
and singleton genes. As shown in Figure 2, we found
that duplicate genes had acquired a signiﬁcant excess of
Figure 2. Comparison of density of sequence polymorphisms in regu-
latory regions and coding regions. The duplicate genes (dark grey bars)
have signiﬁcantly higher polymorphism density in promoters than
singleton genes (light grey bars).
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(Wilcoxon rank sum test P-value=2.3e 19 for the
coding region, P-value=1.4e 5 for promoters and
P-value >0.05 for 30UTR, respectively). Notably, this
excess of polymorphism is most signiﬁcant in the coding
region, whereas the difference in 30UTR is not statistically
signiﬁcant. This result suggests that the increased genetic
diversities in the promoter region have signiﬁcantly
inﬂuenced gene expression variation of duplicate genes
between related yeast species, whereas the higher
polymorphism in the coding region likely reﬂects the
relaxed constraints on coding sequence or synonymous
substitutions. When we considered the core promoter
region (200-bp upstream of start codon), we also found
that duplicate genes have elevated genetic diversities
(Supplementary Figure S1). We next examined the correl-
ation of genetic diversity between sister paralogs; we
found that the regulatory regions (promoter and 30UTR)
diverged more dramatically than protein coding regions
(Table 1). Such elevated divergence in regulatory regions
can cause expression divergence between sister paralogs,
which has been theorized to provide genetic buffering to
organisms and increase their tolerance to external perturb-
ations (16). We also observed that SSD resultant paralogs
are more similar to each other in the coding region and
promoters than WGD pairs (Table 1). Moreover,
comparing young and old duplicate gene pairs, we found
that genetic diversity between duplicates is consistent with
the evolutionary time (Table 1).
Two types of trans-regulators: CRs and TFs
CRs and TFs are both important trans-acting factors that
regulate gene transcription, and they are usually coupled
and coordinated together (50). It was previously suggested
that, in yeast, CRs may have a higher impact on expres-
sion variation than TFs (11). Here, we attempted to
discern how these two types of trans-regulators inﬂuence
the expression variation between duplicate genes and
singleton genes.
We ﬁrst compiled two separate gene expression
compendiums, which consist of genome-wide expression
proﬁles, measured after either a CR or a TF was perturbed
(34,35). Speciﬁcally, for each gene we calculated a TF and
CR effect, which represent how much of a gene’s expres-
sion proﬁle is inﬂuenced on average by TFs or by CRs
(see ‘Materials and methods’ section). We then calculated
genome-wide PCCs between the trans-regulatory effects
(CR or TF) and each of the four types of expression
variations (Figure 3A). Our rationale is that, if one type
of expression variation is highly correlated with trans-
regulation effects (either CR or TF effect), then it is
taken as evidence that these trans-acting factors are
more important in generating this type of expression
variation. As shown in Figure 3B and C, we observed
signiﬁcantly positive correlations between the trans-
regulation effects and all four types of expression vari-
ation, which suggested that the genes that have greater
expression variation are also more likely to be sensitive
to the deletions of TFs or CRs. Interestingly, these correl-
ations are signiﬁcantly higher for duplicate genes than
for singleton genes, suggesting the duplicate genes are
more likely to be inﬂuenced by the regulation of trans-
acting factors.
When comparing between sister paralogs in the same
duplicated pair, we found that the sister paralogs shared
more similar CR effects (Pearson correlation, R=0.42)
than TF effects (Pearson correlation, R=0.18)
(Table 1). This indicated that regulatory effects by TFs
are more asymmetric between the paralogs than the
effect by CRs, which is consistent with what was
recently described (51). We also observed that the diver-
gence in chromatin regulation effects is very different
between WGD and SSD gene pairs (R=0.28 for WGD
genes and R=0.49 for SSD genes, respectively).
In contrast, the divergence in TF regulation effects is
similar between WGD pairs (R=0.18) and SSD gene
pairs (R=0.17). We also found that the divergence in
both chromatin and TF regulation effects are coupled
with evolutionary time (Table 1).
Next, we explored the inﬂuence of each CR or TF on
gene expression variation on a genome-wide scale. For
each CR or TF, we compared its regulation effect on the
duplicate genes and singleton genes by calculating a K–S
score between these two groups (see ‘Materials and
methods’ section). K–S test is a non-parametric test that
can distinguish whether two groups of samples have the
same distribution. For the purpose of comparison, for
each regulator, we also randomly picked two groups of
yeast genes and calculated the K–S score between these
random control groups. Figure 3D shows that indeed the
K–S scores of CRs and TFs are signiﬁcantly shifted to the
right side, indicating that duplicate genes and singleton
genes were distinctly regulated by CRs and TFs. A list
of the 10 CRs and TFs with highest K–S scores were
shown in Supplementary Table S2, respectively.
However, we did not ﬁnd any signiﬁcant difference
between the two different types of trans-factors, i.e. CRs
versus TFs.
Previously we have shown that both TFs and chromatin
structure have contributed to the expression divergence of
paralogs (51). In eukaryotes, CRs help to conduct chro-
matin assembly and organization, and even affect the
interaction between histones and DNA. Kim et al. (37)
also reported that recent duplicates in yeast are highly
enriched in occupied proximal nucleosome (OPN) genes.
We analyzed the previously published promoter nucleo-
some depleted region (PNDR) scores which measured
the nucleosome occupancy in the promoters (52), but
did not ﬁnd any signiﬁcant difference between duplicate
genes and singleton genes (P-value=0.1, Wilcoxon rank
sum test). We next examined other epigenetic regulatory
effects that could have potentially contributed to the
differences between duplicate and singleton genes.
The inﬂuence of epigenetic regulation
The N-terminal tails of eukaryotic histones are subjected
to numerous post-translational modiﬁcations, such as
methylation, acetylation, phosphorylation, ubiquitination
and ADP-ribosylation (53,54). Histone modiﬁcations
can change regional chromatin status, thus affect
842 Nucleic Acids Research, 2011,Vol. 39,No. 3gene regulation and play a central role in gene expression
variation (27,55). However, very little work has been
done to explore how the expression variation of duplicate
genes were inﬂuenced by histone modiﬁcations (56).
In a previously published genome-wide study, the
N-termini of H3 and H4 histone genes were removed,
and their effects on the expression level of yeast genes
were measured (57). Using this data set, we asked how
Figure 3. Comparison of the regulation effects of trans-acting factors between duplicate genes and singleton genes. (A) Pearson correlation coefﬁ-
cients between trans-regulation effects (CR and TF effect) and four categories of expression variations among duplicate and singleton genes,
respectively. Note this is a schematic diagram showing only a few genes. (B) Effect of chromatin regulation (CR), measured as PCCs between
level of variation and deletion effects. Duplicate genes are shown as blue bars and singleton genes are shown as yellow bars. (C) Effect of tran-
scription factors (TF) regulation, measured as PCCs between level of variation and deletion effects. (B) and (C) show that duplicate genes are more
sensitive to the perturbation of trans-acting factors than singleton genes. The error bars were 95% conﬁdence intervals after 1000 bootstraps. (D) The
distribution of K–S scores calculated between duplicate genes and singleton gene, comparing the regulatory effects of chromatin regulators (red) and
transcription factors (green). The gray and blue curves are the distribution of K–S scores calculated between randomly chosen groups of genes: gray
line (chromatin regulation effect), blue line (transcription factor regulation effect).
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ently by such perturbation. In Figure 4A, on the x-axis, we
sorted yeast genes according to the changes in their
expression level upon histone tail deletion; on the y-axis,
we showed the fraction of genes in each sliding window of
200 ordered genes that are duplicate genes. It is clear that
duplicate genes are more sensitive to the perturbation of
histone tails than singleton genes are (Wilcoxon rank sum
test P-value=1.3e 7 for H3D1–28 and P-value=4.2e 9
for H4D2–26, respectively), as the duplicate genes are
enriched at the left and right ends of the distribution.
This indicates that the expression levels of duplicate
genes are more signiﬁcantly affected by histone tail dele-
tions than singleton genes are. Furthermore, the fraction
of genes that were duplicated is much higher on the
right end of the curve, suggesting that duplicate genes
are under more severe chromatin mediated expression
repression (since deletion of the histone tails increased
their expression). We next asked whether the divergence
in expression noise under histone perturbations is different
between WGD and SSD paralogs. Table 1 shows that, for
both H3 and H4 perturbations, WGD resultant paralogs
had higher divergence in expression noise than SGD re-
sultant paralogs. For example, in H3 perturbation experi-
ments, WGD paralogs had correlation of 0.13 and SSD
paralogs had correlation of 0.25.
Genome-wide histone modiﬁcation proﬁles in yeast
have been produced using the ChIP-chip platform (36),
which can be used to examine the global effect of epigen-
etic processes inﬂuencing gene expression variations. We
collected a compendium of such histone modiﬁcation data
(see ‘Materials and methods’ section), and subsequently
compared their distributions between duplicate genes
and singleton genes. Some of these histone modiﬁcations
are highly associated with expression levels, i.e. H3K4m3,
H3K14ac and H4ac are associated with transcriptional
activation, whereas H3K9ac is generally associated with
transcriptional repression. Figure 4B showed that, on
average, duplicate genes (dark grey bars) have lower
density of histone modiﬁcation marks than singleton
genes (light grey bars), especially for H3K4m3,
H3K14ac and H4ac, for which the differences are statis-
tically signiﬁcant between duplicates and singletons
(Wilcoxon rank sum test P-value <1e 4). Notably all of
these three marks are activating histone marks. This is
consistent with our observation (see above) that duplicate
genes are under more severe chromatin mediated expres-
sion repression, which might be introduced by the lower
level of such expression activating histone modiﬁcations in
duplicate genes. Such a lower level of histone modiﬁca-
tions of duplicate genes might play an important role in
the dramatic expression variation of duplicate genes.
We next investigated the similarities in histone modiﬁ-
cations between sister paralogs and found that all of the
eight histone modiﬁcation marks exhibited asymmetric
distributions between sister paralogs (Table 2). Notably,
we found the WGD resultant paralogs have higher level of
divergence in their histone modiﬁcations than SSD
paralogs, suggesting a potential distinct evolutionary
trajectory for paralogs arisen from different duplication
mechanisms. Furthermore, we found that the divergence
in histone modiﬁcations between duplicate gene pairs
(SSD only) is proportional to the divergence time. This,
Figure 4. Comparison of epigenetic effects on the expression variation of
duplicate and singleton genes. (A) Impact of histone tail deletion on gene
expression variation between duplicate genes and singleton genes. We
sorted the genes by expression changes resulting from histone deletion
(x-axis); y-axis represents the fraction of genes which are duplicate in each
sliding window of 200 sorted genes. (B) Effect of histone modiﬁcations on
duplicate genes (dark grey bars) and singleton genes (light grey bars). The
average values of histone modiﬁcation marks are shown. *statistically
signiﬁcant (Wilcoxon rank sum test, see text).
Table 2. Similarities in histone modiﬁcations between duplicate pairs
All
duplicate
pairs
SSD
pairs
WGD
pairs
Young
duplicate
pairs
Old
duplicate
pairs
Random
pairs
H3K9ac 0.35 0.31 0.43 0.37 0.29 0.04
H3K14ac 0.49 0.41 0.69 0.44 0.4  0.02
H4ac 0.39 0.35 0.47 0.41 0.32 0.01
H3K4me1 0.21 0.15 0.36 0.22 0.13 0.02
H3K4me2 0.21 0.19 0.25 0.23 0.16 0.05
H3K4me3 0.52 0.45 0.69 0.55 0.43 0.02
H3K36me3 0.24 0.18 0.31 0.27 0.14  0.02
H3K79me3 0.29 0.26 0.37 0.31 0.22 0.03
PCCs were calculated between paralogs. All signiﬁcant PCCs are high-
lighted with bold fonts.
844 Nucleic Acids Research, 2011,Vol. 39,No. 3in addition to the divergence in trans-regulation, may
partially account for the divergence in gene expression
between the paralogs.
DISCUSSION
Gene duplications and the subsequent divergences in
sequence, expression and interactions are considered as
one of the major driving forces for the evolution of
phenotypic complexity. Previous studies in yeast, ﬂy and
Arabidopsis have observed that, in comparison to single-
ton genes, duplicate genes usually undergo faster diver-
gence in expression proﬁle, and have higher expression
divergence within and between species (17,21,29,58).
This has been proposed to be either the results of
relaxed selective constraints on expression levels, or alter-
natively the results of positive selection for genetic backup
or functional innovation (i.e. subfunctionalization and
neofunctionalization). In this study, we further presented
evidence that duplicate genes in yeast also have higher
level of expression variations, either in response to envir-
onmental and genetic perturbations or as the results of
intrinsic stochastic ﬂuctuations.
The molecular mechanisms of transcriptional regulation
are intrinsically complicated, even for simple organisms
such as S. cerevisiae. It is widely recognized that, in
addition to changes in protein sequences, gene regulation
effects and the subsequent changes in gene expression
proﬁles play a pivotal role for biological phenotypic
variation (59). Similarly, variation in gene expression,
manifested either at the population level in the form of
response to perturbations or inter-strain divergence, or at
the single cell level in the form of stochastic noise, can
offer clues on the regulatory mechanisms. In this work
we comprehensively analyzed several types of expression
variation among yeast genes, and dissected the molecular
mechanisms into cis- and trans-effects. Our results showed
that trans-effects play a much bigger role in generating
expression variations than cis-effects, i.e. 67 versus 30%
for duplicate genes and 78 versus 19% for singleton genes.
This observation is signiﬁcant since most of the current
efforts in analyzing the evolution of duplicate genes have
focused on the divergence in the cis-regulatory regions,
e.g. divergence in TF binding sites and chromatin state
(51). In contrast, very little work has been done to
elucidate the contribution of trans-factors in the diver-
gence of expression proﬁles between duplicated paralogs.
Our work underscored the importance of these trans-
factors, and paved the way for future studies.
Nevertheless we still observed that cis-factors played a
signiﬁcantly bigger role in generating expression noise for
duplicate genes than for singleton genes. Indeed, it was
previously demonstrated that duplicate genes exhibited a
dramatic acceleration of regulatory evolution (21,60,61),
and the start codon of duplicate genes underwent
dramatic turnovers (23). The divergence in regulatory
regions can be analyzed in the conceptual framework of
subfunctionalization versus neofunctionalization, which
was often invoked in analyzing function evolutions (6).
A recent work reported that the TF binding sites in the
promoter regions of duplicate genes often undergo asym-
metric evolution, which was taken as an evidence
for neofunctionalizations (62). Finding examples of
subfunctionalization is more difﬁcult since it requires
knowledge of the regulatory regions of the ancestral
gene before duplication events. The concept of neofunctio-
nalization and subfunctionalization does not directly
apply to expression variations, however after comparing
expression variations between duplicate pairs, we indeed
found that in the majority of the duplicated pairs, one
sister paralog has higher level of variation than the other
paralog (Supplementary Figure S2). This asymmetric
expression program between paralogs has been previously
taken as evidence to support the notion of ‘transcriptional
reprogramming’, i.e. genetic backup was provided
predominantly by paralogs that are expressed dissimilarly
in most growth conditions (16).
As we know, trans-variability results from either
changes in a trans-factor’s responsiveness to upstream
signals, or changes in the factor’s ability to bind cis-regu-
latory sites. Our work suggests that duplicate genes are
highly regulated by histone modiﬁcations and require
integral histone N-termini for proper regulation, particu-
larly for repression. This might be the reason why
duplicate genes tend to lack activating histone modiﬁca-
tions (H3K4m3, H3K14ac and H4ac). A recent work has
shown that segmentally duplicated regions in the human
genome often undergo asymmetric histone modiﬁcations,
which was suggested to be the result of genome
‘pseudogenization’, i.e. the divergence in histone marks
were the result of silencing of previously active genes
(56). Our observation in yeast provided an alternate
view of such asymmetric histone modiﬁcations, as they
likely have a role in the functional divergence and
innovation of duplicate genes.
In conclusion, we have shown that duplicate genes tend
to have higher expression variation than singleton genes,
which may have a pivotal role in generating phenotypic
plasticity and complexity. Taking advantage of a popula-
tion genomics data set which linked genetic markers to
expression proﬁles, we were able to dissect the total
variation into cis- and trans-regulation effects, and
explained mechanistically why duplicate genes have
higher expression variations. Our ﬁndings also highlighted
the importance of trans-acting factors on duplicate gene
expression variation, and proposed that epigenetic modi-
ﬁcations played important role in expression divergence
and variation. With increasing amount of expression and
genomics data becoming available for other organisms, we
expect our work will pave the way for more in-depth
analysis on the duplicate genes in other organisms.
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